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Introduction

This report summarizes research done under NASA Grant NAG5-3461 from November 1, 1996
through December 31, 2000. The research performed during this reporting period includes
development and maintenance of scientific software for the GOME retrieval algorithms, con-
sultation on operational software development for GOME, sensitivity and instrument studies
to help finalize the definition of the SCIAMACHY instrument, leading the development of the
SCIAMACHY Scientific Requirements Document for Data and Algorithm Development, consul-
tation and development for SCTAMACHY near-real-time (NRT') and off-line (OL) data products,
radiative transfer model development for utilization in GOME, SCIAMACHY and other pro-
grams, development of infrared line-by-line atmospheric modeling and retrieval capability for
SCIAMACHY, and participation in GOME and SCIAMACHY validation studies. The Global
Ozone Monitoring Experiment was successfully launched on the ERS-2 satellite on April 20,
1995, and remains working in normal fashion. SCIAMACHY is currently planned for launch in
late 2001 on the ESA Envisat satellite. Three GOME-2 instruments are now scheduled to fly on
the Metop series of operational meteorological satellites (Eumetsat). K. Chance is a member of
the reconstituted GOME Scientific Advisory Group, which will guide the GOME-2 program as
well as the continuing ERS-2 GOME program.



GOME

GOME is a European Space Agency Program, with scientific participation from European coun-
tries and, in the U.S., the SAO and the NASA Goddard Space Flight Center. The GOME Science
Advisory Group (GSAG) includes K. Chance of the SAO as a U.S. member and head of the
Data and Algorithm Subcommittee, and R. Spurr of the SAO as a U.S. member and organizer
and chair of the GOME/GOME Scientific Working Sessions. SAO GOME studies include the

following items:

e Development of scientific code for implementation as GOME operational retrieval algo-
rithms.

e Guiding the development of GOME Level 0-1 and 1-2 operational software through exten-
sive collaboration with the German Aerospace Center (DLR). SAO compiled and installed
in the DLR GOME data processor a new snow and ice coverage data set (originating from
NASA as used in TOMS work). In addition, we developed a tesselation algorithm for the
production of representative mixed-scene albedos for GOME footprints. This is especially
valuable for pixels with ocean/ice interfaces, where incorrect albedo choices can severely
affect O3 column and profile retrieval accuracy.

¢ Cloud studies, including investigation of fitting schemes and analysis of uncertainties due
to various error sources, including line parameters of O;. These resulted in production
of the prototype operational algorithm for GOME cloud correction which has now been
implemented in the Level 1 operational software.

¢ Collaboration on the development of DOAS operational procedures for GOME Level 1-2
processing to produce O3, NO2, and potentially other trace gas columns from GOME. This
collaboration includes code development, measurement window selection, and a number
of related issues. Development of direct of direct (i.e., non-DOAS, or BOAS) fitting to
improved the precision of trace gas measurements. Collaboration with DLR in develop-
ment of an operational processor for BrO. Implementation of the SBUV, and its testing
for a variety of simulated GOME measurements. Collaboration in development of the
GOMEtran finite difference forward model.

e Development of a linearized discrete ordinate radiative transfer code (LIDORT) for re-
trieval and forward model studies in inhomogeneous scattering atmospheres [Spurr et al.,
2001]. In this work, the full multiple scatter backscatter intensity solution has been sub-
ject to an internal perturbation analysis, thus allowing the model to generate whole fields
of weighting functions simultaneously. This is a vital requirement for non-linear itera-
tive retrieval algorithms; the generic formalism of LIDORT enables it to be used in a



wide variety of remote sensing problems. Further developments include a model with the
“pseudo-spherical” approximation wherein the direct beam attenuation is handled in a
spherical atmosphere. The application of LIDORT to GOME and SCIAMACHY is direct
and immediate. One of the most important uses will be for the performance enhancement
of the ozone profile retrieval algorithm for both instruments. This goes a long way to
the realization of operational O3 profile retrieval algorithms. Work toward this goal has
started in collaboration with DLR. LIDORT is also used in studies of tropospheric species
from GOME, including HCHO and NOy, to provide the scattering weights versus altitude
which determine the relative source strength reflected in GOME measurements.

Participation in GOME validation and scientific studies. Science studies include mea-
surements of BrO, HCHO, NO,, and height-resolved O3. BrO from GOME has been
implemented into the SOLVE mission database.

Radiative transfer studies related to wavelength calibration and spatial and spectral alias-
ing, including collaboration with the DLR to implement an alternative wavelength calibra-
tion method based on cross-correlation with a Fraunhofer reference spectrum (see Caspar
and Chance, 1997) and correction for most of the effects of spectral undersampling by
GOME [Chance, 1998; Slijkhuis et al., 1999]. Our undersampling correction technique
has now been adopted by the University of Bremen IFE and Belgian IASB groups for
fitting GOME spectra. Determination of the solar reference spectrum has been improved
by combining low-resolution information from UARS with high-resolution information as
presented in Chance and Spurr, 1997; this is now used in improved wavelength calibration.
This information has also now been supplied to the OMI program. Improvements in Ring
effect modeling have been made through molecular physics studies employing the best cur-
rently available molecular data, development of an improved solar reference spectrum for
wavelength-specific applications, and improved determination of the wavelength-dependent
Rayleigh scattering cross section [Chance and Spurr, 1997].

Spectroscopic and aerosol database development, including the production of an improved
database of molecular parameters for the visible O; A band and improvements to O3, NO3,
S04, BrO, and H,CO reference spectra.

Participation in the ESA cloud and aerosol ad hoc study group to produce cloud and
aerosol data products from GOME. Development of the Cloud Retrieval Algorithm for
GOME (CRAG) (mostly with DLR funding).

Guiding and advising work on operational processor updates and reprocessing of GOME
data. This includes, for example, the future use of the TOMS Version 7 ozone climatology
in GOME data processing,.



SCIAMACHY

SCIAMACHY is a joint German/Netherlands/Belgian program, with scientific participation
from other European countries and, in the U.S., the SAO. SCIAMACHY is now scheduled for
launch on Envisat in late 2001. SAO continues to participate actively in algorithm development
for the level 0-1b and 1b-2 data processing segments, and in SCIAMACHY and other Envisat

validation studies.

The SCIAMACHY Science Advisory Group (SSAG) includes K. Chance of the SAO as a U.S.
member and head of the Subcommittee for Algorithm Development and Data Usage. J. Geary
of the SAO as a U.S. member and advisor on instrument and detector issues, and R. Spurr
of the SAO as a U.S. member and organizer and chair of the GOME/SCIAMACHY Scientific
Working Sessions. SAO SCIAMACHY studies include the following items:

e Synthetic retrieval studies for atmospheric spectroscopy in the infrared to assess revised
estimates of SCIAMACHY detector sensitivity.

o Finalization of the SCIAMACHY band definitions and detector selection criteria; syn-
thetic retrieval studies for atmospheric spectroscopy in the infrared contributing to these
definitions.

e Chairing the scientific working subgroup for Algorithm Development and Data Usage;
Organizing and chairing the joint GOME/SCIAMACHY Scientific Working Sessions.

e Heading the development, compilation, and production of the Scientific Requirements
Document for SCIAMACHY Data and Algorithm Development.

¢ Radiative transfer studies, including development of line-by-line modeling capability for
the infrared and visible and ray tracing for the limb and occultation measurement geome-
tries. The issue of properly combining limb and nadir measurements was addressed in
conjunction with the development of the SCTAMACHY observational strategy and in the
context of the Algorithm Development and Data Usage subgroup (includes DLR funding).

o Development of LIDORT (see GOME, above).

e Development of the Basic Infrared Absorption Spectroscopy (BIAS) technique for appli-
cation to the SCIAMACHY infrared channels (includes DLR funding).

¢ Extension of GOME software development to SCIAMACHY. Existing GOME databases
are extended in wavelength where appropriate to the near infrared. New line spectroscopic
data sets were compiled for SCTAMACHY channels 7 and 8 (includes DLR funding).



Participation in the definition of NRT and OL data products for SCTAMACHY, including
close collaboration with the DLR in the generation of SCIAMACHY NRT specification
documentation. Production and development of the SCTAMACHY Algorithm Theoreti-
cal Basis Document. Collaborate with DLR on the development of NRT SCIAMACHY
Data Processors, including the provision of test data sets and upgrades to the algorithm
descriptions required by industry (includes DLR funding).

The development of software for the off-line level 1b to 2 processing segment for SCIA-
MACHY limb measurements has been a major focus at SAQ. To this end, a single scatter
ray tracing forward model was written for the O3 limb profile application, and combined
with optimal estimation software to produce an end-to-end algorithm. Work continues
on limb retrieval from infrared observations, including improved microwindow selection
versus tangent height (includes DLR funding).

Participation in the validation planning for SCIAMACHY.

Determination of baseline choices and options for operational processing of SCIAMACHY
measurements. This includes the selection criteria and the determination of which options
can be pre-tested using GOME data.

Publications from this Research Program

1997 Quantitative Spectroscopy for the Analysis of GOME Data, K. Chance, Proceedings of

the ¢ ERS-2 Symposium, “Space at the Service of Our Environment.”

1997 GOME Wavelength Calibration using Solar and Atmospheric Spectra, C. Caspar and K.

Chance, Proceedings of the ¢ ERS-2 Symposium, “Space at the Service of Our Environ-
ment.”

1997 Development of a Prototype Algorithm for the Operational Retrieval of Height-resolved

Products from GOME, R. Spurr, Proceedings of the ¢ ERS-2 Symposium, “Space at the
Service of Our Environment.”

1997 Ground Segment for ERS-2 GOME Data Processor, D. Loyola, B. Aberle, W. Balzer,

K. Kretschel, E. Mikusch, H. Muehle, T. Ruppert, C. Schmid, S. Slijkhuis, R. Spurr,
W. Thomas, T. Wieland, and M. Wolfmueller, Proceedings of the ¢ ERS-2 Symposium,
“Space at the Service of Our Environment.”



1997 GOME Data Processor: The First Operational DOAS-Based Algorithm Applied to Data
from a Space-Borne Sensor, E. Hegels, B. Aberle, W. Balzer, K. Kretschel, D. Loyola,
E. Mikusch, T. Ruppert, C. Schmid, S. Slijkhuis, R. Spurr, W. Thomas, T. Wieland,
and M. Wolfmueller, Proc. EUROPTO-S.P.I.E. LASER ’97, Spectroscopic Atmospheric
Monitoring Techniques.

1997 GOMETRAN: A Radiative Transfer model for the Satellite Project GOME - the Plane
Parallel Version, V. Rozanov, D. Diebel, R. Spurr, and J. Burrows, Journal of Geophysical
Research 102, 16,683-16,695.

1997 Satellite Measurements of Atmospheric Ozone Profiles, Including Tropospheric Ozone,
from UV /Visible Measurements in the Nadir Geometry: A Potential Method to Retrieve
Tropospheric Ozone, K. V. Chance, J. P. Burrows, D. Perner, and W. Schneider, Journal
of Quantitative Spectroscopy and Radiative Transfer 57, 467-476.

1997 Improvement of the O, A Band Spectroscopic Database for Satellite-Based Cloud Detec-
tion, K. Chance, Journal of Quantitative Spectroscopy and Radiative Transfer, 58, 375-378.

1997 Ring Effect Studies: Rayleigh Scattering, Including Molecular Parameters for Rotational
Raman Scattering, and the Fraunhofer Spectrum, K. Chance and R.J.D. Spurr, Applied
Optics 36, 5224-5230.

1998 Detection of Biomass Burning Combustion Products in Southeast Asia from Backscatter
Data Taken by the GOME Spectrometer, W. Thomas, E. Hegels, S. Slijkhuis, R. Spurr,
and K. Chance, Geophysical Research Letters 25, 1317-1320.

1998 The HITRAN Molecular Spectroscopic Database and HAWKS (HITRAN Atmospheric
Workstation): 1996 Edition, L.S. Rothman, C.P. Rinsland, A. Goldman, S.T. Massie, D.P.
Edwards, J.-M. Flaud, A. Perrin, C. Camy-Peyret, V. Dana, J.-Y. Mandin, J. Schroeder,
A. McCann, R.R. Gamache, R.B. Wattson, K. Yoshino, K.V. Chance, K.W. Jucks, L.R.
Brown, V. Nemtchinov, and P. Varanasi, Journal of Quantitative Spectroscopy and Radia-
tive Transfer 60, 665-710.

1998 Analysis of BrO Measurements from the Global Ozone Monitoring Experiment, K. Chance,
Geophysical Research Letters 25, 3335-3338.

1998 The SCIAMACHY Instrument on ENVISAT-1, S. Noel, H. Bovensmann, J.P. Burrows,
J. Frerick, K.V. Chance, A.P.H. Goede and C. Muller, Proc. S.P.LE., Sensors, Systems,
and Next-Generation Satellites II, 5498 94-104.

1998 Atmospheric Trace Gas Measurements with SCIAMACHY, S. Noél, J.P. Burrows, H.
Bovensmann, J. Frerick, K.V. Chance, and A.H.P. Goede, 32nd COSPAR Scientific As-
sembly.



1998 Atmospheric Trace Gas Measurements from the European Space Agency’s Global Ozone
Monitoring Experiment, K. Chance, R.J.D. Spurr, and T.P. Kurosu, Proc. S.P.LE., Satel-
lite Remote Sensing of Clouds and the Atmosphere 111, 8495 230-234.

1998 Cloud Retrieval Algorithm for the European Space Agency’s Global Ozone Monitoring
Experiment, T.P. Kurosu, K.V. Chance, and R.J.D. Spurr, Proc. S.P.LE., Satellite Re-
mote Sensing of Clouds and the Atmosphere III, 8495 17-26.

1999 Ozone Profiles and Tropospheric Ozone Determinations from the European Space Agency’s
Global Ozone Monitoring Experiment, K. Chance, IEEFE International Geoscience and Re-
mote Sensing Symposium.

1999 Atmospheric Trace Gas Measurements from GOME and SCIAMACHY, K. Chance, R.J.D.
Spurr, and T.P. Kurosu, Proc. ESAMS’99 - European Symposium on Atmospheric Mea-
surements from Space, 403-406.

1999 CRAG - Cloud Retrieval Algorithm for the European Space Agency’s Global Ozone Mon-
itoring Experiment, T.P. Kurosu, K. Chance, and R.J.D. Spurr, Proc. ESAMS’99 - Eu-
ropean Symposium on Atmospheric Measurements from Space, 513-521.

1999 Development of a Bromine Oxide Product from GOME, M. van Roozendael, C. Fayt,
J.-C. Lambert, I. Pundt, T. Wagner, A. Richter, and K. Chance, Proc. ESAMS’99 -
European Symposium on Atmospheric Measurements from Space, 543-547.

1999 Calculation of Undersampling Correction Spectra for DOAS Spectral Fitting, S. Slijkhuis,
A. von Bargen, W. Thomas, and K. Chance, Proc. ESAMS’99 - European Symposiwum on
Atmospheric Measurements from Space, 563-569.

1999 SCIAMACHY: Mission Objectives and Measurement Modes H. Bovensmann, J.P. Bur-
rows, M. Buchwitz, J. Frerick, S. Noél, V.V. Rozanov, K.V. Chance, and A.P.H. Goede,
Journal of the Atmospheric Sciences 56, 127-150.

1999 UV Spectral Data for HITRAN 2000, K. Chance, T.P. Kurosu, K. Yoshino, W. Parkinson,
L.S. Rothman, A.Goldman, and J. Orphal, 5th Atmospheric Spectroscopy Applications
Meeting.

1999 Global Atmospheric Monitoring with SCIAMACHY, S. Noél, H. Bovensmann, J.P. Bur-
rows, J. Frerick, K.V. Chance, and A.P.H. Goede, Physics and Chemistry of the Earth 24,
427-434.

2000 A Linearized Discrete Ordinate Radiative Transfer Model for Atmospheric Remote Sens-
ing Retrieval, R.J.D. Spurr, T.P. Kurosu, and K.V. Chance, Journal of Quantitative Spec-
troscopy and Radiative Transfer 68, 689-735.



2000 Satellite Observations of Formaldehyde over North America from GOME, K. Chance, P.I
Palmer, R.J.D. Spurr, R.V. Martin, T.P. Kurosu, and D.J. Jacob, Geophysical Research
Letters 27, 3461-3464.

2001 Air Mass Factor Formulation for Spectroscopic Measurements from Satellites: Application
to Formaldehyde Retrievals from GOME, P.I. Palmer, D.J. Jacob, K. Chance, R.V. Martin,
R.J.D. Spurr, T.P. Kurosu, L. Bey, R. Yantosca, A. Fiore, and Q. Li, Journal of Geophysical
Research, in press.



